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Abstract—This paper looks at the performance of an outdoor
visible light (OVLC) communication system used for Internet-of-
Vehicles (IoV). In the proposed system an amplify-and-forward
(AF) opportunistic scheme is used to extend the range of infor-
mation broadcast from a traffic light to vehicles. The Gamma-
Gamma channel gain and the Lambertian direct current (DC)
channel gain are used to model the fading coefficient of each
transmission and the short and thermal noise models used to
represent the system noise. The statistics of the system are
examined by deriving closed-form expressions for the cumulative
distribution function (CDF) and probability density function
(PDF) for the equivalent end-to-end signal-to-noise ratio (SNR).
Novel closed form equations are also developed for the outage
probability and ergodic capacity. Numerical simulations per-
formed showed that the system performance in terms of both
outage probability and ergodic capacity improves with decreasing
turbulence intensity. Results also illustrate that, as the distance
between the vehicles increases, the system performance is more
deteriorated.
Index Terms—Visible light communications, Internet of Ve-
hicles, atmospheric turbulence, ergodic capacity, outage perfor-
mance.
I. INTRODUCTION
The advent of high speed Internet and the rapidly evolving
fields of artificial intelligence (AI) and intelligent transporta-
tion systems (ITS) has led to the development of a special area
of Internet-of- Things (IoT) known as the Internet-of-Vehicles
(IoV). With the development of highly efficient systems of
computing and wireless communications, IoV offers a myriad
of potential applications in both civil and military sectors
[1]. Some of such applications span from communication
of military vehicles on the field to traffic light broadcast
communications used for road safety and traffic control. These
applications among others have led to an increased interest
in the research, design and deployment of IoV systems.
Most reported applications for IoV communicate in the radio
frequency (RF) domain [2] where there is limited bandwidth
allocated for communications. This weakness allows for a high
interference among several vehicles within the same vicinity
and attempting to communicate concurrently. This flaw calls
for a new method for vehicles to communicate in the wireless
domain. Visible light communication (VLC), is a relatively
new method for wireless communications which is well suited
for such applications as IoV since it is well known for low
cost high speed wireless applications [3].
Recent advances in materials and solid-state engineering
have enabled the development of highly efficient LEDs that
are now being widely used in outdoor lighting such as, traffic
lights, bill-boards, street lights, vehicular lightning, and ad-
vertising displays. Also, several vehicular manufacturers have
switched from traditional lightning techniques to LED-based
lightning in the production of vehicles [4]. Due to the rampant
adoption of LEDs for both in indoor and outdoor lightings, the
VLC becomes a promising candidate for future ITSs. Up to
now, the VLC capabilities of delivering high data rate has been
investigated for both the indoor and outdoor environments.
For the indoor environment, most works focus on channel
modeling, resource allocation and performance analysis for
VLC systems [5]. In the outdoor environment, most works
have focused on channel and noise modeling, modulation
methods, multiplexing techniques, pre-equalization and post-
equalization schemes, diversity reception schemes, and general
performance analysis. In [6], the authors propose a day-
light noise model and a novel receiver model that employs
selection combining that significantly minimizes the effects of
background noise and showed that, their developed system
achieved stable communication whiles improving signal-to-
noise ratio (SNR). Kim et al [7], presented an experimental
approach to study the effect of day-light noise on outdoor
VLCs. They purported the presence of saturation in photo
detectors which deteriorates system performance. In [8], the
performance of an inter-vehicular outdoor VLC system in
terms of bit error rate (BER) and communication range was
presented. In their systems model, the authors considered both
line-of-sight (LOS) and non-LOS signals. They also showed
that, when a photodetector is installed above 200 cm, coverage
of communication can reach up to around 70 m and achieve
rates of around 50 Mb/s. They also showed that, a wet road
can improve the BER performance.
In an outdoor scenario, although misalignment fading has
less effect on outdoor visible light communication (OVLC)
due to the large angle of emergence of LED, atmospheric
channel fading is a crucial factor that degrades performance
severely [3]. The atmospheric channel fading are characterized
as strong and weak based on the distance between the trans-
mitter and receiver. Different atmospheric turbulence models
have been proposed for outdoor optical wireless communica-
tions. The channel models normally utilized are the negative
exponential model which represents strong turbulence, the log-
normal model which is used to model weak turbulence and the
Gamma-Gamma model which can represent weak, moderate
and strong atmospheric turbulences.
In [5], a new relaying scheme was proposed for outdoor
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2inter-vehicular OVLC system. The proposed method called
superimposed relaying was used to send information broadcast
from a traffic light to a car by another car acting as a relay. The
log-normal atmospheric turbulence model was used to model
the channel gain. They derived a closed form expression for
the BER and used it to optimize the power allocated to each
signal used for transmission. Lin et al. [9] also looked at the
outage performance analysis of an outdoor vehicle-to-vehicle
VLC system (V2LC). A lognormal atmospheric turbulence
model was used to derive a closed-form expression for the
outage probability. They also asserted that, the distortions to
the system as mainly due to short noise from background
noise and thermal noise from the receiver electronics. The
derived outage model was shown to accurately evaluate the
system performance. Although, these works have addressed
several design issues pertaining to OVLC, the performances
are limited to outage and BER. Also, the model used for
the atmospheric channel gain is the lognormal which only
approximate weak turbulence.
The Gamma-Gamma distribution is the most preferred
model for atmospheric channel fading since it covers both
weak and strong turbulence [10]. As an effective method to
bypass the obstacle and mitigate fading, relaying techniques
have attracted significant attention in recent literature. With the
extensive investigation of cooperative relaying systems, there
are several cooperative protocols which have been researched.
Decode-and-forward (DF) and amplify-and-forward (AF) are
two common protocols [5] employed in cooperative schedul-
ing.
In this work we evaluate the performance of an OVLC with
an AF relay in which the relay node forwards information from
the source to a destination using visible light communications
whiles considering a Gamma-Gamma atmospheric model and
also the Lambertian DC gain. This system is motivated by
IoV where a vehicle communicates with a traffic light and
also acts as a relay node to extend coverage to another
vehicle not in LOS to the traffic light. To the best of our
knowledge, the outage probability and the ergodic capacity
of such a system has not yet been investigated. According to
[9], by considering the impacts of path loss and atmosphere
turbulence, a statistical channel model can be established for
this system and the outage probability can be developed.
The key contributions of this paper are outlined below.
1) Establish a statistical model for the end-to-end equiv-
alent SNR for a dual-hop AF OVLC network with
Gamma-Gamma atmospheric turbulence which includes
the cumulative distribution function (CDF) and proba-
bility density function (PDF) .
2) Derive closed for expressions for the outage probability
and ergodic capacity of the system.
3) Conduct numerical simulations for outage probability
and ergodic capacity for weak, moderate, and strong
atmospheric turbulences.
The rest of the paper is organized as follows. Sections II
provides the system and channel models. Section III presents
the statistics of the equivalent SNR of the system. The perfor-
mance analysis of the system in terms of outage probability
and ergodic capacity is presented in Section IV. Section V
discusses some numerical results. The paper is then concluded
in Section VI.
II. SYSTEM MODEL
We consider an opportunistic OVLC communication system
with three nodes as shown in 1. This transmission process is
composed of two stages. In the first stage the traffic light which
represents the source node (S) communicates with Vehicle 1
which acts as the relay (R). The received signal at R can be
given by:
yr = gshsr xs + zsr, (1)
where gs and xs ≥ 0 denote the optoelectronic conversion
factor and the non-negative visible-light signal from the LEDs
on traffic light. zsr is an additive white Gaussian noise with
zero mean and variance σ2z1 .
The channel fading coefficient is composed of both the
DC path loss based on the Lambertian emission hLmsr and
the atmosphere turbulence, which describes the effects of
atmospheric weather and environment conditions, hTusr and
related to the overall channel fading coefficient by:
hsr = hLmsr h
Tu
sr . (2)
In the second stage, R transmits an amplified forms of
xs from its tail-lights to the Vehicle 2 which serves as the
destination node (D). Since two signals are arriving at the PD
receiver on D, the received signal(s) can be represented in a
vector form as:
yd = grhrdxr + zrd, (3)
where hrd = [hrd,1, hrd,2]T , hrd = hLmrd hTurd , yd =[yrd,1, yrd,2]T , and zrd = [zrd,1, zrd,2]T
The transmitted signal from the relay, xr is related to ysr
by:
xr = Gysr (4)
where G is the relay gain chosen as [10], G = (gr |hsr |2 +
σ2z1 )−
1
2 .
III. CHANNEL FADING MODEL
The Lambertian DC chhannel gain can be expressed as [3]:
hLmi =
{ (m+1)A
2pidi cos
m(φi)cos(ψi)Tf (ψi)Tc(ψi), 0 ≤ ψ ≤ Ψ,
0, ψ > Ψ,
(5)
where m is the order of the Lambertian emission, A is the
receiver area of the PD, assuming same A for both PDs, di ,
φi and ψi are the distance, the angle of irradiance and the angle
of incidence from the i-th LED to the PD, respectively. Tf (φi)
and Tc(φi) are the optical filter gain and the concentrator gain
of the PD, respectively, and Ψ is the field-of-view (FoV) of
the PD.
3Figure 1: An OVLC cooperative system model for Internet of Vehicles
Due to the wide FoV of the VLC signal, it is fair to
assume perfect alignment between the VLC transmitter and re-
ceiver apertures, and considering Gamma-Gamma turbulence-
induced fading, fluctuations in the received optical irradiance,
the PDF of the turbulence induced fading coefficient for the
i-th link, hTui can be given as:
fhTui (h
Tu
i ) =
2(αβ) α+β2
Γ(α)Γ(β) (h
Tu
i )
α+β
2 −1Kα−β
(
2
√
αβhTui
)
, hTui ≥ 0.
(6)
The instantaneous received electrical SNR, of the i-th VLC
link is related to hTui as γi = γ¯i |hTui |2, where γ¯i is the
average electrical SNR which is defined as γ¯i =
(g×hLmi Pi )2
σ2zi
,
where g denotes the optoelectronic conversion factor. For non-
negative visible-light signal from a VLC transmitter to a PD
receiver of the i-th link, xi ≥ 0, Pi = E[xi] is the transmitted
average optical intensity for the i-th VLC link and σ2zi is
the log-amplitude variance, where E[.] denote an expectation
operation. Using power transformation of random variables, it
is easy to show that the PDF of γi is given by:
fγi (γ) =
(
αβ/√γ¯i
) α+β
2
Γ(α)Γ(β) γ
α+β
4 −1 × Kα−β
(
2
√
αβ√
γ¯j
γ
1
2
)
, γi ≥ 0.
(7)
The parameters α and β are used to vary the conditions
of the atmospheric turbulence, and the expressions Kv(.) is
the − th order modified Bessel function of the second kind
defined in [11]. Normally, the parameters α and β represent
the effective quantity of small-scale and large-scale eddies of
the turbulent environment, respectively. Based on the values
of these parameters, the turbulent component of the channel
gain can be modeled within strong, medium and weak regimes.
The relations of α and β for different propagation situations
are given by [10]. Assuming a spherical wave propagation, α
and β can be defined as [10]:
α =
[
exp
{
0.49κ2[
1 + 0.18ρ2 + 0.56κ12/5
]7/6 } − 1]−1 , (8)
β =
[
exp
{
0.51κ2[1 + 0.69κ12/5]−5/6[
1 + 0.9ρ2 + 0.62ξ2κ12/5
]5/6 } − 1]−1 , (9)
where ρ is the optical wave number given in terms of the
refractive index parameter, C2n, the VLC signal wavelength,
λVLC and the diameter of the receiver aperture D as ρ =√
2pikD2
4λV LC di . Also, κ = 0.5d
11/6
i C
2
n( 2piλV LC ) is the Rytov variance.
IV. NOISE MODEL
The noise process in an outdoor VLC, is mainly due two
noise components. These are the ambient-induced shot noise
and the thermal noise. For outdoor VLC, the the communica-
tion signals are highly affected by the visible background day-
time light. This background daylight leads to the an induction
of large amplitude short noise in the PD of the receiver [9].
At the receiver, an optical filter can be used to minimize the
background light. Both the shot noise and the thermal noise
can be modeled using the Gaussian distribution. Say σ2zi is
the variance of the noise process of zi for the i-th VLC link,
which can be expressed as the sum of the shot noise, σ2
i,shot
and the thermal noise, σ2
i,thermal
as follows [9],
σ2zi = σ
2
i,shot + σ
2
i,thermal. (6)
The shot noise can also be expressed as [6]:
σ2i,shot = 2gQWn[Pihi +WRξToATcsin2(ξ)],
where, Q is the electronic charge, Wn is the equivalent noise
bandwidth, WR is the noise bandwidth factor for a rectangular
transmitter pulse shape, T0 is the peak filter transmission
coefficient, ni denotes the internal refractive index of the
optical concentrator, ξ is the irradiance that falls within the
spectral range of the receiver, i.e., [6]
ξ =
∫ l2
1
Speak
χ(λ,TB)
max
l
χ(λ,TB)dl, (10)
4where l1 and l2 (in µm) are the lower and upper spectral limits
of the optical bandpass filter at the receiver respectively, Speak
(in W/m2) denotes peak spectral irradiance, χ(λ,TB) is the
spectral irradiance of the Blackbody radiation model, which
can be expressed as:
χ(λ,TB) = 2piνc
2
λ5(e νcλkTB − 1)
, (11)
where ν denotes the Planck’s constant, c is the speed of
light, λ is the wavelength, k is the Boltzman’s constant, and
TB (in Kelvin) is the average surface temperature of the sun.
Likewise, the thermal noise has two components, include
two parts: the feedback-resistor noise and the FET channel
noise. Therefore, σi,thermal is given by:
σ2Thermal =
8pikTa
G
ηAW2R︸           ︷︷           ︸
feedback−resistor noise
+
16pi2kTaΩ
gm
η2A2WRCW3R︸                          ︷︷                          ︸
FET channel noise
, (12)
where Ta is the absolute temperature, G is the open-loop
voltage gain, η is the fixed capacitance per unit area, Ω is the
FET channel noise factor, gm is the FET transconductance,
and WRC is the noise bandwidth factor for a full raised-cosine
equalized pulse shape.
V. STATISTICS OF THE EQUIVALENT SNR AT
DESTINATION
With the signal model given by (1), (2), and (3), the effective
end-to-end SNR at the destination node, γD can be derived in
terms of the SNR between the source (Traffic light) and the
relay node (Vehicle 1), γsr and the effective SNR between the
relay and the destination (Vehicle 2), γrd as [10]:
γD =
γsrγrd
γsr + γrd + 1
. (10)
Since two links exist between the relay node and the des-
tination node, we employ selection combining (SC) at the
destination to determine the SNR in this link, which is given
by
γrd = max{γrd,1, γrd,2}. (11)
Using the standard approximation, γD  min{γsr, γrd}, the
SNR in (10) can be upper bounded [10]:
γD ≤ γsrγrd
γsr + γrd
. (12)
A. Cumulative Distribution Function (CDF)
The effective SNR given in (12) is shown to have a CDF
as follows
Fγd (γ) = Fγsr (γ) + Fγrd (γ) − Fγsr (γ)Fγrd (γ). (13)
And by employing SC at D, the CDF of γrd is written in
terms of the CDFs of the SNRs of the links between the relay
and the destination, γrd,1 and γrd,2 as
Fγrd (γ) = Fγrd,1 (γ)Fγrd,2 (γ), (14)
Combining (13) and (14), we obtain
Fγd (γ) = Fγsr (γ) + Fγsr,1 (γ)Fγrd,2 (γ) − Fγsr (γ)Fγrd,1 (γ)Fγrd,2 (γ),
(15)
Given the PDF, fγi (γ) of the SNR, γi, it is well known that
Fγi (γ) can be obtained by integrating the PDF within the limits
of the SNR, i.e.,
Fγi (γ) =
∫ γ
0
fγi (ζ)dζ . (16)
Thus we derive the CDF of γi by integrating (7), which is
given by:
Fγi (γ) =
4
(
αβ/√γ¯i
) α+β
2
(α + β)Γ(α)Γ(β)γ
α+β
4 −1 × Kα−β ©­«2
√√
αβγ√
γ¯i
ª®¬ , γ ≥ 0.
(17)
Due to the large spacing between the two LEDs of Vehicle
2, we assume independence between their respective SNRs,
γrd,1 and γrd,2. Hence the effective SNR between the relay
and destination nodes γrd, can be given by:
Fγrd (γ) =
2∏
k=1
∫ γ
0
fγrd,k (ζ)dζ, (18)
The CDF of SNR of the effective end-to-end for the OVLC
link in our model is thus obtained by calculating the CDFs
for each link and substituting the results in (15). After some
manipulations, a closed-form expression is obtained for the
CDF, FγD (γ) as:
FγD (γ) =4
γα/4+β/4−1
(α + β) Γ (α) Γ (β)
(
αβ√
γ¯sr
)α/2+β/2
Kα−β
©­«2
√√
αβ γ√
γ¯sr
ª®¬
+ 16
(
γ(α+β)/2
)2
(α + β)2 (Γ (α))2 (Γ (β))2
((
αβ√
γ¯rd
)α/2+β/2)2 ©­«Kα−β ©­«2
√√
αβ γ√
γ¯rd
ª®¬ª®¬
2
(19)
− 64
(
γ3α/4+3β/4
)
(α + β)3 (Γ (α))3 (Γ (β))3
(
αβ√
γ¯sr
)α/2+β/2
Kα−β
©­«2
√√
αβ γ√
γ¯sr
ª®¬
((
αβ√
γ¯rd
)α/2+β/2)2 ©­«Kα−β ©­«2
√√
αβ γ√
γ¯rd
ª®¬ª®¬
2
5fγD (γ) =
γ(α+β)/4−1
Γ (α) Γ (β)
(
αβ√
γ¯sr
) (α+β)/2
Kα−β
©­«2
√√
αβ γ√
γ¯sr
ª®¬ + 8
(
γ(α+β)/2−1
)2
(α + β) (Γ (α))2 (Γ (β))2
((
αβ√
γ¯rd
) (α+β)/2)2 ©­«Kα−β ©­«2
√√
αβ γ√
γ¯rd
ª®¬ª®¬
2
− 48
(
γ3(α+β)/4−1
)
(α + β)2 (Γ (α))3 (Γ (β))3
(
αβ√
γ¯sr
) (α+β)/2
Kα−β
©­«2
√√
αβ γ√
γ¯sr
ª®¬
((
αβ√
γ¯rd
) (α+β)/2)2 ©­«Kα−β ©­«2
√√
αβ γ√
γ¯rd
ª®¬ª®¬
2
(20)
B. Probability Density Function (PDF)
Utilizing the closed-form expression of the CDF in (19), the
PDF of the equivalent end-to-end SNR, fγD (γ) is obtained by
differentiating (19) with respect to γ as shown in (21). This
yields a the novel closed-form PDF given by (20).
fγD (γ) =
d
dγ
FγD (γ) (21)
VI. PERFORMANCE EVALUATION
In this section, the performance of the OVLC model is
evaluated using the metrics of outage probability and ergodic
capacity. Closed-form expressions for each of these metrics
are presented.
A. Outage Probability
In wireless networks, an outage event in communication
is said to have occured if the SNR at a certain time instant
of a link falls below some pre-determined threshold (γout).
Therefore we can define the probability of outage as the
probability that the effective end-to-end SNR at the destination
node falls below γout, i.e., Pout = Pr [γD ≤ γout], where Pr [.]
denotes the probability operation and γout = (22R − 1) with R
being a fixed spectral efficiency. The outage probability of the
considered proposed OVLC system is derived by substituting
γout in (19) as follows
Pout = FγD (γout) (22)
B. Ergodic Capacity
The ergodic capacity can be expressed in terms of the PDF
of γi as [12]
C =
1
ln(2)
∫ ∞
0
ln(1 + γ) fγD (γ)dγ. (23)
By substituting (20) in (23), we obtain a closed form
expression for the ergodic capacity as
C =
pi
ln(2)
(
−RKα−β
(
4√Ax
) (
Kα−β
(
4√Bx
))2
csc
(
3(α + β)pi
4
))
+
pi
ln(2)
(
Q
(
Kα−β
(
4√Bx
))2
csc
( (α + β)pi
2
))
+ PKα−β
(
4√Ax
)
csc
( (α + β)pi
4
)
,
(24)
where R = 64
(
αβ√
γ¯sr
) (α+β)/2 (
αβ√
γ¯rd
) (α+β)
(α+β)3(Γ(α))3(Γ(β))3 , A =
(
2
√√
αβ√
γ¯sr
)
, Q =
16
(
αβ√
γ¯rd
) (α+β)
(α+β)3(Γ(α))2(Γ(β))2 , B =
(
2
√√
αβ√
γ¯rd
)
, P = 4
(
αβ√
γ¯sr
) (α+β)/2
(α+β)(Γ(α))(Γ(β)) .
VII. SIMULATIONS AND NUMERICAL RESULTS
In this section, we present a numerical evaluation of the out-
age probability and ergodic capacity to ascertain the achieved
mathematical expressions obtained in the previous section. The
numerical results are obtained using monte-carlo simulation.
In each simulation, we consider different values of α and β,
and different turbulence scenarios as used in [12]. The outage
probability and ergodic capacity performances for the OVLC
system are given by Figures 2 and 3. Each figure also compares
simulation results with numerical results from the derived
relations for the outage probability and ergodic capacity. It
observed that the performance of the weak turbulent channel
is better than that of the moderate turbulence which also
outperforms the strong turbulence scenario for both the ergodic
capacity and the outage probability performance measures.
The results indicate that the derived expressions can be used
to evaluate the system performance without relying on time
consuming simulations.
Figure 2: Outage Probability versus average SNR for weak
turbulence (α = 8.1, β = 4), moderate turbulence (α = 4.2, β =
3), and strong turbulence (α = 2.2, β = 2)
To further examine the system performance, we fixed the
values of α and β at a weak turbulence condition and vary
the distance between the two vehicles in Figures 4 and 5. The
results show that, the performance of the system degrades with
increasing the distance,d between the two vehicles in terms
6Figure 3: Ergodic Capacity versus average SNR for weak
turbulence (α = 8.1, β = 4), moderate turbulence (α = 4.2, β =
3), and strong turbulence (α = 2.2, β = 2)
of both ergodic capacity and outage probability as shown in
Figures 5 and 4 respectively. This is due to the fact that, as
the distance between the transmitter (Vehicle 1) and receiver
(Vehicle 2) increases, the average SNR reduces, and hence,
the system performance reduces. Also, it is well-known that,
path loss is a function of distance and hence, the larger the
distance the worse the system performance.
Figure 4: Outage probability versus average SNR for different
Transmission distances between R and D for weak turbulence
(α = 8.1, β = 4)
VIII. CONCLUSION
This paper presented performance analyses in terms of
outage probability and ergodic capacity for a dual-hop relay
outdoor visible light communication (OVLC) system for IoV
applications. Mathematical analysis was carried to define the
link parameters of the link in the model. The statistics of
the effective SNR at the destination node were derived by
obtaining novel expressions of its PDF and CDF. This was
followed by closed-form derivations of the outage probability
and ergodic capacity of the system. The performance of the
system was then evaluated using Monte-Carlo simulations
and compared to the theoretical numeric results. The results
indicated that the derived expressions can be used to evaluate
the system performance without relying on time consuming
simulations.
Figure 5: Ergodic capacity versus average SNR for different
transmission distances between R and D for weak turbulence
(α = 8.1, β = 4)
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